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Abstract  Characterization of the minute cosmic microwave background 18 
polarization signature requires multi-frequency, high-throughput precision 19 
instrument systems.   We have previously described the detector fabrication of a 20 
40 GHz focal plane and now describe the fabrication of detector modules for 21 
measurement of the CMB at 90 GHz.  The 90 GHz detectors are a scaled 22 
version of the 40 GHz architecture where, due to smaller size detectors, we have 23 
implemented a modular (wafer level) rather than the chip-level architecture.    24 
The new fabrication process utilizes the same design rules with the added 25 
challenge of increased wiring density to the 74 TES’s as well as a new wafer 26 
level hybridization procedure.  The hexagonally shaped modules are tile-able, 27 
and as such, can be used to form the large focal planes required for a space- 28 
based CMB polarimeter.  The detectors described here will be deployed in two 29 
focal planes with 7 modules each in the Johns Hopkins University led ground- 30 
based Cosmology Large Angular Scale Surveyor (CLASS) telescope.  31 
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1 Introduction 35 
 36 
Gravitational waves produced during inflation are predicted to impart a 37 
distinct polarization signature on the cosmic microwave background (CMB). 38 
Detection of this signature offers an important tool to investigate the high- 39 
energy physics of the early Universe.  The ground-based Cosmology Large 40 
Angular Scale Surveyor (CLASS) [1] is designed to search for this polarized 41 
“B-mode” signal in the CMB.  CLASS will survey 70% of the sky at four 42 
spectral bands (40, 90, 150 and 220 GHz).  The detector and focal plane 43 
architecture are designed to meet the requirements of high sensitivity and 44 
low systematic errors required for this measurement. The sensor architecture 45 
[2,3] consists of a broad-band planar orthomode transducer (OMT) that 46 
symmetrically couples the independent polarizations in the feedhorn 47 
antennas into separate superconducting microstrip with band defining filters.  48 
The signal power in the band is then dissipated in a transition edge sensor 49 
(TES) bolometer operating at 150 mK.   50 
A detector module is made up of three components:  (1.) a detector 51 
wafer consisting of 37 planar superconducting microwave antennas and 52 
filters coupled to 74 transition edge sensors, (2.) a micro-machined silicon 53 
backshort which also forms a housing providing electromagnetic isolation to 54 
the TES, and (3.)  a micro-machined photonic choke to improve feedhorn 55 
coupling and reduce the required interface flatness.  The three components 56 
are indium bump bonded to create a detector module.  In the following, we 57 
give an update on the status of the module fabrication for the 90 GHz focal 58 
planes.   59 
 60 
2 Fabrication 61 
 62 
2.1 Orthomode Transducer (OMT) and TES Bolometer Fabrication 63 
 64 
The OMT and TES bolometers form the core of the detector module.  We 65 
have developed a Silicon-On-Insulator (SOI) based low temperature polymer 66 
bonding/sacrificial wafer process that enables the use of single crystal silicon as 67 
both low-loss dielectric for superconducting microstrip and as thermal link 68 
between the TES membrane and the heat bath with properties that are repeatable 69 
and well understood.  Compared to the 40 GHz [4] process the 90 GHz process 70 
utilizes the same fabrication design rules however we have added a few 71 
improvements and these will be highlighted in below.  We briefly describe this 72 
process here, highlighting improvements that have been made from the 40 GHz 73 
fabrication process.   74 
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Fig. 1 Fabrication flow 
Following the 40 GHz fabrication process shown 75 
in Fig 1 we start with a SOI wafer with a 5um 76 
float zone silicon device layer.  The Nb ground 77 
plane is patterned on the device layer side.  Then 78 
the device layer side of the SOI wafer is then 79 
polymer bonded with Benzocyclobutene (BCB) to 80 
a degeneratively doped (< 3 m-cm)  silicon 81 
wafer.  We have reduced the BCB thickness from 82 
2 m to 1 m to simplify the required polymer 83 
removal later in the process.  The original SOI 84 
handle wafer is etched away along with the buried 85 
silicon oxide.  Subsequent fabrication processes 86 
are standard with the limitation that the BCB 87 
allows fabrication temperatures up to 250 
o
C.   88 
The next step is TES bilayer deposition.  We 89 
use MoAu bilayers with a targeted transition 90 
temperature (Tc) of 150 mK.  The MoAu is 91 
deposited through a combination of DC 92 
magnetron sputtering for the Mo and electron 93 
beam evaporation for the Au.  We have found 94 
through careful control of film thickness 95 
uniformity and stress, that using this method we 96 
can achieve sufficiently repeatable results [5].  97 
The effects of deposition conditions on Mo Tc 98 
have been studied in [6].  We have additionally 99 
found that the silicon surface condition can affect the Mo transition 100 
temperature by changing the as-deposited Mo film stress for identical 101 
deposition conditions.  To show this we purposely compared Mo Tc on both 102 
hydrophobic and hydrophilic silicon surfaces.  Film stress is tuned by 103 
controlling the argon sputtering pressure during deposition.  All films are 55 104 
nm thick and deposited at 2 A/s with base pressure < 3x10
-7
 torr.  Fig 2 105 
shows the variation in Mo Tc as a function of film stress for five separate 106 
deposition runs where all surfaces were hydrophobic except in run 4 where 107 
an additional separate hydrophilic silicon surface was coated.  It can be seen 108 
that the hydrophilic film has a Tc 70mK higher than the hydrophobic film.  109 
For this reason we are careful to process the TES immediately after the 110 
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buried oxide removal in HF ensuring a repeatable hydrophobic surface from 111 
wafer to wafer.   112 
The niobium microstrip, gold broadband load, PdAu absorber,  normal 113 
metal bars, and Pd processing as well as the silicon leg etch which 114 
incorporates a 35 m wide, 10 m long ballistic leg [7] for thermal 115 
conductance control all follow the 40 GHz process.  The final TES structure 116 
is shown in Fig. 2.  An additional housing via has been added to reduce out 117 
of band 118 
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 125 
 126 
 127 
Fig. 2 (left) Variation of molybdenum transition temperature with stress and 128 
surface condition.  (right) Photo of TES and silicon membrane for thermal 129 
control. 130 
 131 
leakage.  This via (Fig. 3 right) is a trench through the silicon dielectric and 132 
BCB around the perimeter of the TES and the antenna.  It forms a landing 133 
where the conductive backshort assembly described below is indium bump 134 
bonded directly to the low resistance silicon handle wafer to cut off any 135 
spurious leak paths to the TES through the 5 m thick silicon dielectric.  The 136 
antenna and TES membrane are formed after deep reactive ion etching 137 
(DRIE) through the handle wafer.  Photos of the 90 mm diameter 138 
hexagonally shaped detector wafer and an individual detector are shown in 139 
Fig 3.    140 
 141 
2.2 Backshort Assembly and Choke Wafer Fabrication 142 
 143 
The backshort assembly fabrication follows the process described in 144 
[9] scaled to wafer level module sizes.  A backshort assembly consists of 145 
two degeneratively doped silicon wafers; a spacer wafer and a cap wafer.  146 
The spacer wafer sets the approximately quarter wave distance and 147 
interfaces with the detector wafer, while the cap provides the reflective 148 
backshort.  The spacer and cap are bonded by Au-Au thermo-compression 149 
bonding.  The detector-facing side of the spacer wafer incorporates 10 m 150 
tall indium bumps patterned by liftoff on 50 m high mesas etched by DRIE 151 
around the OMT, TES, and outside perimeter of the module. The mesas 152 
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Absorber  
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incorporate a mouse hole for the niobium microstrip while the indium bumps 153 
contact the detector wafer inside the vias described above.  This structure 154 
 155 
 156 
 157 
 158 
 159 
 160 
 161 
 162 
 163 
Fig. 3 (left) Photo of detector module. TES wiring is routed to bond pads at 164 
bottom edge the hexagon. (center) Photo of individual detector. (right) SEM of 165 
housing vias surrounding TES membrane. 166 
 167 
provides a micro-machined conductive housing to suppress out of band leakage 168 
to the TES. The circular waveguide part of the OMT backshort is formed by a 169 
thru-wafer DRIE and is gold coated to reduce microwave loss.  A separate 170 
silicon choke wafer provides feedhorn coupling [8] to the detector wafer via 171 
aluminum coated photonic choke pillars micro-machined by DRIE on the 172 
feedhorn side of the wafer.  Through wafer etching creates the circular wave- 173 
guide that is subsequently coated with 1 m of Al.  The choke wafer (Fig. 4 174 
right) is bonded by indium bumps patterned on the opposite of the Si pillars.  175 
When bonded, the In bumps surround the cavities in the backside of detector 176 
wafer around the TES and the circular guide for the Nb antennas. 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
Fig. 4 (left) The backshort assembly is flipped and bonded to the detector wafer 186 
front side. (middle) Cross-section of mesa and mouse hole along with indium 187 
bumps and backshort circular waveguide. (right) Photo of photonic choke wafer 188 
with inset showing magnified image of indium bump side of wafer which is 189 
bonded to the backside of the detector wafer.    190 
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 191 
  2.2 Hybridization 192 
 193 
The backshort, detector and choke wafers are hybridized in two steps by flip 194 
chip indium bump bonding [10].  The indium bumps are treated to remove the 195 
oxide through a proprietary process enabling bonding at room temperature.  To 196 
ensure a good structural bond the bonding force is set such that the indium is 197 
compressed from the initial 10 m to 5 m thickness first between the backshort 198 
and the detector wafer then between the choke wafer and the backshort/detector 199 
wafer assembly.  The force applied in the second bond is designed to be half that 200 
required in the first simply by scaling the effective indium bump area. Reducing 201 
the bond force on the second wafer ensures that there is minimal effect on the 202 
alignment of the first bond.  The final module consists of a triple stack of choke 203 
wafer, detector wafer, and backshort wafer.   204 
   205 
3 Conclusion 206 
 207 
We have described the fabrication of the detector module for the CLASS 90 208 
GHz focal plane.  The fabrication process is a scaled version from chip level to 209 
wafer level of the currently deployed 40 GHz focal plane utilizing the same 210 
fabrication design rules.  New features, including integrated TES housing vias, a 211 
thinner polymer bonding layer, and micro-machined photonic chokes have been 212 
implemented at the wafer level.  We have completed fabrication of our first 213 
module and it is in thermal and microwave testing at the time of this writing.  214 
Fourteen such modules will be incorporated into the two 90 GHz focal planes 215 
and deployed at the Atacama Desert in Chile.   216 
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